Sparks, G. M., and R. L. Cooper. 5-HT offsets homeostasis of synaptic transmission during short-term facilitation. J Appl Physiol 96: 1681-1690, 2004; 10.1152/japplphysiol.01177.2003.-In this study, we approach the topic of vesicle recruitment and recycling by perturbing neurotransmission at the crayfish neuromuscular junction with altered electrical activity and the presence of the neuromodulator serotonin (5-HT). After induction of short-term facilitation (STF) with stimulus pulse trains (40 Hz, 20 pulses), the amount of synaptic transmission can be maintained at a relatively constant level, producing a plateau in the amplitude of the excitatory postsynaptic potentials (EPSPs) throughout the remaining stimuli within a train of a few hundred milliseconds. With an increase in the frequency of the stimuli within a train (60 Hz, 20 pulses), an altered plateau of larger EPSP amplitudes occurs. This suggests that differential rates of vesicle recruitment can be rapidly reached and maintained. Exposure of nerve terminals to 5-HT further enhances the EPSP amplitudes to yet a higher plateau level. The effect of 5-HT is more pronounced for 40-Hz pulse trains than for 60-Hz trains. This suggests that 5-HT can recruit vesicles into the readily releasable pool (RRP) and that the recruitment is limited at higher stimulation frequencies. The attainment of a larger amplitude in the plateaus of the EPSPs at 60 Hz compared with 40 Hz also suggests that the rapid induction of STF enhances the entry of vesicles into the RRP. By direct quantal counts, mean quantal content increases linearly during STF, and 5-HT offsets the linear release. We propose that 5-HT and electrically induced recruitment of vesicles from a reserve pool to the RRP may share similar recruitment mechanisms.
REPETITIVE STIMULATION OF presynaptic nerve terminals enhances the amplitude of subsequent excitatory postsynaptic potentials (EPSPs) in a process known as short-term facilitation (STF) (7, 38, (45) (46) (47) (48) . EPSPs may reach a plateau in their amplitude at a particular frequency given a sufficient number of pulses within the stimulus train, and this plateau may persist for some time.
The eventual depression of EPSP responses depends on several factors associated with any given synaptic connection, which we do not address here. The persistence of a plateau in EPSP amplitude marks an equilibrium and steady state among synaptic processes. If the frequency of stimulation increases within a pulse train, a new plateau and equilibrium can be observed. Depending on the type of preparation, the electrochemical driving gradient may be sufficient to produce larger EPSP responses during this plateau period. Such is the case for the neuromuscular junction (NMJ) preparations of the crayfish presented in this study.
The intracellular calcium concentration ([Ca 2ϩ ] i ) increases within the presynaptic terminal during the stimulation train, and presumably the continual influx, buffering, and exchange mechanisms reach an equilibrium that produces a steady state of transmitter release (9, 16, 25, 28-31, 33, 66, 67) . In crustacean NMJs, increasing the frequency of stimulation leads to a new equilibrium with a higher [Ca 2ϩ ] i , and the EPSPs reach the new plateau more quickly than with lower stimulation frequencies (15) . As the stimulation frequency is increased, the increase in the maximum plateau response becomes less pronounced. This process is likely regulated by a [Ca 2ϩ ] i -induced enhancement of a Na ϩ /Ca 2ϩ exchanger, which can result in a steady-state process that regulates [Ca 2ϩ ] i effectively during repetitive stimulation. The number of vesicles that can be released at the active zones (AZs) might also be limited. Such an anatomic limitation could explain why higher output terminals associated with phasic motor nerves do not facilitate as much as lower output tonic motor nerve terminals (9) , as well as why there are differences in the synaptic efficacy of low-and high-output tonic terminals (16) . In this study, we address what effect a faster induction of STF has on the plateau of the EPSP amplitudes to address whether an equilibrium in vesicle recycling is one of the mechanisms that could account for the phenomena.
Neuromodulators that offset synaptic function offer an approach to experimentally address the mechanisms underlying differences in facilitation caused by changes in stimulation frequency and inherent differences among synapses. The neuromodulator serotonin (5-HT), which is endogenous to the hemolymph of crustaceans, greatly enhances transmitter release (24) presynaptically at NMJs by increasing the probability of vesicular fusion (54) . In crayfish motoneurons, 5-HT mediates its rapid effect through the inositol 1,4,5-trisphosphate (IP 3 ) second messenger system (23, 19) . Dudel (27) showed that when nerve terminals are stimulated directly while sodium channels are blocked by tetrodotoxin, synaptic release may be enhanced because of increased docking of vesicles and/or promotion of the release of vesicles on a rise in [Ca 2ϩ ] i by locally stimulating the voltage-gated calcium channels. Quantal content rose with an increase in the stimulus current. With the addition of 5-HT, the increase in quantal content was even greater for a given stimulus current.
In this report, we show that the equilibrium of vesicle docking and release during the steady plateau phase produced by short trains of stimulation is not limited by the availability of synaptic vesicles, because exposure to 5-HT further enhances vesicular release.
METHODS
All experiments were performed using the first and second walking legs of freshly obtained crayfish, Procambarus clarkii, measuring 6-10 cm in body length (Atchafalaya Biological Supply, Raceland, LA). Animals were housed individually in an aquatic facility and fed dried fish food and chicken egg shells. Dissected preparations were maintained in crayfish saline, a modified Van Harreveld's solution (in mM: 205 NaCl; 5.3 KCl; 13.5 CaCl 2⅐2H2O; 2.45 MgCl2⅐6H2O; 5 HEPES, adjusted to pH 7.4). Crayfish were induced to autotomize the first or second walking leg by forceful pinching at the merus segment.
Physiology. To elicit an evoked response, the excitatory axon was selectively stimulated by placing a branch of the leg nerve (from the merus segment) into a suction electrode connected to a Grass stimulator (32) . The STF was induced by providing a train of 20 pulses, at 10-s intervals, to the excitatory nerve. The frequency of stimulation within the train varied from 40 to 60 Hz to compare with earlier observations in facilitation measures (16) . Intracellular EPSP recordings were performed by standard procedures (12, 16) . The 5-HT (100 nM) containing saline was made in crayfish saline from frozen stock of 1 mM 5-HT. This concentration has been used for standardization to earlier published reports on this same preparation (54, 55, 57) and for the crayfish leg extensor preparation (9) . When exposing the preparation to 5-HT, the entire bathing medium was rapidly exchanged (Ͻ30 s). All chemicals were obtained from Sigma Chemical (St. Louis, MO). Electrical signals were recorded online to a Power Mac 9500 via a MacLab/4s interface.
Field excitatory postsynaptic potentials. In addition, synaptic field potentials were also measured with focal macropatch electrodes to assess presynaptic vesicular events. The varicosities on the living terminals were visualized with vital fluorescent dye 4-Di-2-ASP (Molecular Probes) (12, 41) . It was demonstrated in an earlier report that 4-Di-2-ASP had no effect on transmission within the concentration (5 M) used in this study (12) . The synaptic potentials were obtained via the loose-patch technique by lightly placing a 10-to 20-m fire-polished glass electrode directly over a spatially isolated varicosity along the nerve terminal. The evoked field excitatory postsynaptic potentials (fEPSPs) and field miniature excitatory postsynaptic potentials were recorded and analyzed to determine the mean quantal content (m) (11, 13, 20) . Direct counts of the number of evoked quantal events and failures in evoked release were used as an index of altering synaptic function. If only one single event occurred after the spike, it was counted as one; when double events occurred, they were counted as two, and so on.
Analysis. To index facilitation, the ratio in the peak amplitude of the EPSP for one of the preceding pulses from the last one within the stimulus train was used. A unitary value of 1 was subtracted from the ratio to provide a facilitation index. The subtraction of 1 ensures that, if no facilitation is present (i.e., the amplitudes of the responses are the same), the facilitation index will be zero. In addition, the amplitudes of the plateau EPSPs were compared within preparations at different stimulation frequencies by procedures previously described (16) .
Statistics employed were either the Student's t-test or a Wilcoxon's paired rank sum test (a nonparametric test).
RESULTS
Because the opener muscle is regionally divided into three muscle fiber phenotypes (43), we consistently used the third to fifth muscle bundles from the most distal aspect in these studies (the arrow in Fig. 1 points to this region). STF was induced by a stimulus train of 20 pulses at either 40 or 60 Hz. Even though the EPSP amplitudes reach a plateau around the 15th stimulus of the stimulation train at 40 Hz, the responses are not saturated, because either an exposure of 5-HT or higher stimulation frequency to 60 Hz further enhances the EPSP amplitudes. This suggests that the number of docked vesicles and the recycling rate are not limiting factors in the responses reaching a plateau at 40-Hz stimulus trains. Incubation of the preparation for 5 min with 5-HT promotes the docking of vesicles such that even the first few EPSPs within each train are enhanced in amplitude. This enhancement is maintained throughout the train for both the 40-and 60-Hz pulse trains. Because the plateau of the EPSP amplitudes at 60 Hz can also be offset by 5-HT, this suggests that a homeostasis in the handling of the calcium efflux and recycling of vesicles that occurs during saline exposure can be raised to a new level after exposure to 5-HT. In a few preparations, an 80-Hz stimulation was given and the responses still showed an enhancement in amplitude but to a lesser degree (data not shown), suggesting some saturation of release and/or possibly a decrease in the ion driving gradient.
Changes induced by increasing stimulation frequency or exposure to 5-HT were quantified as an average of the responses over a given period of time. As shown in Fig. 2 , the EPSP amplitudes showed some fluctuation over time. To standardize the measurements, an average value for the period of 250-500 s was used to obtain a mean amplitude within the saline or 5-HT exposure for either the 40-or 60-Hz stimulation. By this time, the EPSP responses ramped up to a plateau level. The preparations were allowed to recover for 5 min during the period before the bath was exchanged with 5-HT. Recordings were resumed after an additional 5 min after the exchange of the bath. The amplitude of the EPSPs returned to baseline values observed in saline at 40-Hz stimulation before bath exchange with 5-HT.
A mean value was used for further calculating a percent change among the EPSP amplitudes for the conditions within each given preparation. Determining an average of the percent change for every fifth stimulus within the trains among the preparations showed that the effect of 5-HT exposure was more pronounced for the 40-Hz stimulation paradigm than for the 60-Hz paradigm (Fig. 3A) . However, because of the large variation in the percent changes between preparations, the mean differences were not significant by a parametric analysis. If the trends in the percent differences are compared within each preparation by a rank summed Wilcoxon's nonparametric analysis, there is a significant trend showing that 5-HT exposure always produced a more pronounced effect at a 40-Hz stimulation paradigm than for a 60-Hz paradigm ( Fig. 3A , P Ͻ 0.05 nonparametric as indicated by an asterisk). This is illustrated when comparing the responses within each preparation for both the 10th and 20th EPSPs within the stimulus train ( The standard facilitation index was calculated by measures of the 5th, 10th, and 15th EPSPs in relation to the 20th EPSP to determine whether 5-HT offset STF during 40-and 60-Hz stimulations. No significant differences were present (Fig. 3B) . However, the amplitude of the EPSPs began to reach a plateau by the 10th event, and by the 15th event very little facilitation continued to occur throughout the rest of the pulse train (Fig. 3B) .
Plots of the individual responses in the percent change induced by 5-HT for each preparation (Fig. 4) showed that the preparations that demonstrated the largest percent change at 40 Hz also showed the largest change at 60 Hz for the 20th event (Fig. 4B) . The preparations that produced large changes to 5-HT for the 10th events at 40 Hz did not always show the largest responses at 60 Hz. Perhaps this difference can be partly explained that in some preparations the responses have not yet reached the plateau in the amplitude of the EPSPs by the 10th event. The enhancement in the amplitude of the EPSPs by STF is presynaptic within these preparations, but the effects induced by 5-HT are likely due to a composite of pre-and postsynaptic modifications. Direct quantal counts allow one to assess the presynaptic contribution of STF and the actions of 5-HT. The glutamate released by fusion of the presynaptic vesicles results in a rapid inward current in the muscle fibers that produces a field potential, which was monitored by a focal macropatch electrode placed directly over a visualized varicosity on the nerve terminal. The potentials are quantal in nature and provide a means of counting the number of presynaptic vesicular events.
Single stimuli may evoke one or more quantal responses (a singlet, doublet, etc.), or none at all (a failure) (Fig. 5A ). Highlighting the period after each of the 10 stimuli within each train for each experimental condition produced 40,000 traces for direct visual assessment. The observed quantal occurrences are presented in Table 1 for the 1,000 trials in each condition. There is an increase in the number of single and multiple evoked events occurring throughout the train for both 40 and 60 Hz. During exposure to 5-HT, a decrease in the number of failures occurred overall for each of the stimuli throughout the trains for both stimulation frequencies.
It is possible, in some cases, that the true number of quantal events may have been underestimated when two events occurred simultaneously and were not detected as a multiple release. This potential underestimation is not likely in the recordings presented in this study because the probability of an evoked event was relatively low. As shown in Fig. 5B , two evoked events followed the ninth stimulus, and one after the tenth (see enlarged inset). If counts were underestimated, the ensemble averages of the 1,000 trials would measure all the responses. The overall trends of the ensemble averages paralleled the discrete quantal measures (Fig. 5, C and D) .
The index of m was used to quantitatively compare the effects of 5-HT and STF on vesicular events. As shown in Fig.  6 , m increases linearly throughout the 40-and 60-Hz stimulus trains. Application of 5-HT (100 nM) enhances the m throughout the stimulus train in a fairly uniform manner. A linear least squares fit of the data is superimposed on the scatter plots with the slopes reported.
Estimates of the quantal parameters, such as the probability of vesicular release and the number of release sites, using the standard binomial and Poisson distribution analysis are not sufficient because the process of counting single quantal events occurring at one site at any one time is inherently flawed (60). We did not choose to report estimates of the number of release sites and the probability of release at a site because the number of failures decreases throughout the stimulus train, implying an increase in the average probability of release from the terminal. Because 5-HT also decreases the number of failures, the probability of overall release is increased.
DISCUSSION
We have demonstrated that there is a steady state in the amount of synaptic transmission after STF has been initiated and maintained within a stimulus train. In addition, the steady state can be augmented either by increasing the frequency of nerve stimulation or by addition of 5-HT. These results support the notion that release is not saturated during the steady state of release after STF induction, because the terminal can release more transmitter, implying that synaptic area for docking is robust. Thus synaptic area is not a limiting factor for vesicular fusion at 40 Hz used in this study of the tonic motor nerve terminals. However, the size and complexity of the synapses are likely important for the initial amount and maintenance of synaptic transmission. Within short stimulus trains (10 pulses at 40 and 60 Hz), the m of synaptic transmission increased in a linear fashion. The presence of 5-HT (100 nM) induced an increase in m to the same degree throughout the stimulation train, offsetting the linear effect of electrical stimulation. Thus a pool of vesicles is recruited for release in parallel with the ones utilized for STF within the train. This general phenomenon was present for both the 40-and 60-Hz stimulus trains. A similar result to 5-HT was also reported for the opener muscle in lobster and thought to be independent of calcium (35) . Because the first response within a stimulus train is enhanced after 5-HT incubation without evoked stimulation, 5-HT's action is independent of induced electrical activity.
The extent and rate at which calcium influx reaches a threshold level to induce vesicular fusion are likely related to the morphology of the AZ and synaptic structure. In addition, the proximity of AZs on a synapse, as well as their size (i.e., length), is correlated to synaptic efficacy (49, 59, 61, 62) . The calcium dynamics for variations in spacing of AZs on crustacean synapses have been computationally investigated and correlated with synaptic efficacy (11, 14) . The density and location of the Na ϩ /Ca 2ϩ exchangers within nerve terminals as a whole remain unknown. A relationship may exist between the density of the exchanger, synaptic strength, and the degree of facilitation among a variety of synapses. Ohnuma et al. (44) showed a cooperativity of calcium removal from motor nerve terminals in lobster such that, with a higher stimulation rate, calcium was removed more quickly. It is interesting to note that about at the 10th event within the 40-and the 60-Hz trains, the EPSP amplitudes started to reach a plateau. If the Na ϩ / Ca 2ϩ exchanger was able to extrude faster at 60 Hz owing to the increase in entry of calcium and residual calcium buildup, then one would expect that the plateau in the EPSP amplitudes would have been reached earlier within the train. There is likely a trade-off in the kinetics of the Na ϩ /Ca 2ϩ exchanger for the rapid entry of sodium as well as calcium during the depolarization of the membrane. At this time we are not sure how much the entry of sodium influences the Na ϩ /Ca 2ϩ exchanger within the nerve terminal. Thus the Na ϩ /Ca 2ϩ exchanger might well be able to work faster with higher [Ca 2ϩ ] i , but there are likely other factors that need to be also considered.
The results of this study, as well as those of Dudel (26, 27) , suggest that the neuromodulator 5-HT alters the equilibrium of vesicle fusion and possibly [Ca 2ϩ ] i dynamics. Glusman and Kravitz (35) did demonstrate that, in a calcium-free bath, along with EGTA and high MgCl 2 , 5-HT could still cause spontaneous release of transmitter as well as an enhancement in the EPSP amplitude for lobster NMJs. Thus they suggest that 5-HT works in the absence of extracellular calcium entry and that possible internal stores of calcium maybe released; however, they do caution that it is difficult to be sure that all extracellular calcium is removed from within the synaptic cleft. Dixon and Atwood (22) had also confirmed that 5-HT produced an effect with low or zero extracellular calcium in the crayfish opener but added that 5-HT's effect depended on extracellular sodium. One does need to be concerned with low or zero extracellular calcium conditions because, in various preparations, synaptic transmission is enhanced with low calcium by yet-unknown mechanisms (36, 58, 65) . It was shown that 5-HT did cause an enhanced calcium signal, by use of calcium-sensitive indicators, within the axon of this preparation, but no substantial changes in calcium were observed in the terminals (19) . Perhaps at the time that these earlier experiments were conducted, temporal and spatial resolutions were not optimal to measure rapid spikes of calcium directly at the inner face of synapses close to docked vesicles within the terminal. In Aplysia brasiliana, 5-HT enhances calcium entry into the soma of motoneurons through P-type calcium channels (64) . It would be of interest to know whether selective toxins that block calcium channels should be used at the crayfish NMJ with a low, but not zero, extracellular calcium to ensure that evoked release is blocked before exposure of terminals to 5-HT.
In crayfish motor nerve terminals, 5-HT shortens the latency of release for the population of vesicles (54) . The release of more vesicles increases the size of the postsynaptic potentials. Quantal analysis revealed a strong presynaptic component for the actions of 5-HT by an increase in the number of vesicles releasing transmitter. No effect on the frequency or size of spontaneous release was detected at 100 nM exposure to 5-HT; however, at higher concentrations (1 M), spontaneous release will be enhanced at both crayfish and lobster NMJs. Thus 5-HT does influence synaptic transmission presynaptically, leading to release of more vesicles at a faster rate than before 5-HT exposure. 5-HT may even act independently of calcium regulation and instead may affect the process of vesicle priming and docking in anticipation of calcium entry. Because 5-HT involves an IP 3 cascade (19, 23) , various protein kinases could also be activated. The emerging notion for 5-HT's action is that induction of IP 3 leads to the phosphorylation of vesicle docking proteins such as Munc-18-1 or synaptophysin or even N-ethylmaleimide sensitive factor (37) . Phosphorylation of Munc-18-1 and synaptophysin has been shown in vitro to inhibit the ability of these proteins to interact with the Nethylmaleimide sensitive factor attachment protein receptor SNARE that they are proposed to regulate (syntaxin for Munc-18-and synaptobrevin for synaptophysin) (52, 53) . 5-HT could also lead to phosphorylation of synapsins, resulting in release of vesicle pools from the cytoskeleton, which would increase the pool of free synaptic vesicles available for secretion. Such a mechanism is supported by biochemical analysis in Aplysia neurons (1) . However, the details remain to be examined in the crayfish motor nerve terminals. The crayfish preparation is feasible for investigation because the machinery of vesicle docking appears to be similar to those of insects and mammals (4-6, 10, 37). It would be of interest to know how long 5-HT promotes the effect of vesicular release for given window of time of exposure and subsequently followed by washing of 5-HT away from the preparation in the absence of electrical stimulation. Further experiments of this type would allow a better understanding of how long the residual effects by second messengers persisted. Possible vesicles are promoted to dock by 5-HT would remain at a high level of readiness for release long after 5-HT is cleared from the preparation. A full pharmacological quantitative comparison of 5-HT effects and various period of exposure is needed to substantiate the mechanisms in detail.
When the EPSP amplitudes plateau, there is likely a steady rate of recycling of vesicles and repackaging of transmitter that could contribute to the relatively constant number of vesicle fusion events taking place for each pulse toward the end of the . Arrows indicate when each evoked stimulus occurred. These are seen as stimulus artifacts in the original traces, but they have been removed here because they are only artifacts and can be noted by the small gaps (1 ms). In train 1, evoked fEPSPs occur for the 2nd, 6th, and 8th through 10th stimuli. These are all noted as single quantal events (A). In train 2 (B), the fEPSPs occur in the 6th, 7th, 9th, and 10th stimuli; however, the 9th event is clearly a result of 2 quantal responses (see enlarged inset). These 2 trials were a result of 40-Hz stimulation of the nerve terminal. Note that the occurrences of events are more prevalent toward the end of the pulse train. Overall average fEPSP responses from 1,000 stimulation trials also depict that more events occur toward the end the train for both the 40-and 60-Hz stimulus trains (B). The ensemble average also displays that 60-Hz trains (D) enhance vesicular release more so than 40-Hz (C) stimulus trains, because the magnitudes of the responses are greater throughout the train. Because more events occur throughout the pulse trains for a small patch of the nerve terminal, the composite of the entire terminal presents a graded enhancement for the intracellular measured EPSPs throughout each single stimulus train. 20 -stimuli pulse train. Alternately, vesicles within a reserve pool may be recruited during this period within the stimulus train, and the ones that just fused may recycle through a rapid path which would then provide a means to rapidly replenish the readily releasable vesicle pool. Electrical activity has been shown to alter the number of vesicles docked at synapses based in tetrodotoxin studies in fish electric organs (42) as well as during LTP induction in the hippocampus of rats (2) . Regardless, the addition of 5-HT rapidly recruits more vesicles into use and modulates vesicle kinetics of docking and release. This suggests that a reserve pool of vesicles exists during the plateau phase of both the 40-and 60-Hz pulse trains. Because the 5-HT enhances the synaptic response more at 40 Hz than at 60 Hz, a smaller amount of reserve pool vesicles may be available for recruitment because so many are being utilized to maintain the output needed during the 60-Hz stimulation. It is just as likely that the rate-limiting step could be the number of available docking sites, because at 60 Hz more sites could possibly be in use. Likely a combination of the two possibilities is at play. It may even be possible that the pool of vesicles recruited with electrical depolarization is different than those recruited with 5-HT.
When a vesicle recycles after release, it is postulated to follow two different routes for recycling: a rapid loop and a slower one that reprocess the vesicles within the endoplasmic reticulum (39, 40, 50, 56) . Two slightly different pools of reserve vesicles might be produced by these alternate recycling mechanisms. In the crayfish motor nerve terminals, one route might be differentially influenced by 5-HT, via secondary messenger activation, and the other may be more tightly regulated by electrical activity patterns of the terminal. Such a differential regulation is feasible because, as shown in this study, incubation of the NMJ with 5-HT in the absence of sustained electrical activity results in more vesicles being released with a single stimulus or within a train of stimuli.
Possibly the use of vesicle loading dyes, such as FM1-43, could resolve this issue. However, there is still some concern with the use of FM1-43 because the fluorescence may overestimate the time of vesicle fusion and recycling because the styryl dye might not be fully released from the synaptic vesicle and cleft on vesicle fusion compared with a nonmembrane soluble dye (39) . However, more recent studies suggest that the dye might be distributed in the endosomal compartment or released by various means to account for longer retention times of the dye (3, 34, 51) . These recent findings of vesicular kinetics and recycling support the notion of differential regulation, and thus the paths may be targeted independently by cellular processes, such as those by 5-HT-triggered IP 3 -in- Direct counts of the quantal events recorded before and during exposure to serotonin (5-HT; 100 nM) for each stimulus within the 40-and 60-Hz trains. The first column states the number of discrete events observed (0, failures; 1, single events; 2 double events; etc.) that occurred for the 1,000 trials. The remaining columns state the observed number of occurrences during the stimulus events within the 10-pulse train for 1,000 trials. The direct counts are shown before and during exposure to 5-HT at 40 and 60 Hz. The mean quantal content (m) for each pulse within the train is shown for each condition. Obs, observed. duced phosphorylation and direct electrical depolarization for calcium-induced cellular responses (63) . In depressed NMJs of crayfish, release is promoted by 5-HT, as determined by FM1-43 and electrophysiological studies, suggesting that different pools and paths are present (63) . Both such processes would be feasible in the crustacean NMJ system in our presented study.
If more calcium enters when increasing the stimulation frequency (i.e., 40 to 60 Hz), via voltage-sensitive calcium channels, the influx can exceed the efflux until a new equilibrium is set, as we have shown. Very-high-output terminals, such as those of crustacean phasic motor neurons, generally show little facilitation during stimulation trains even though there is still a substantial electrical chemical driving gradient (8, 9) . Exposure to 5-HT (100 nM) can enhance vesicular release in the range of a 100% in phasic high-output motor nerve terminals of the leg extensor in crayfish, demonstrating again that vesicular fusion can be further enhanced even in very-high-output terminals through neuromodulation even though frequency facilitation may not produce as large an effect (9) . This phenomenon is pertinent to various types of synapses within the varicosities of tonic motor nerve terminals because some synapses are likely high output compared with others because of the number and spacing of AZs within given synapses (12, 14) . Figure 7A illustrates a high-output synapse (Sy1) with two AZs and a low-output synapse (Sy2) with only one AZ. Increasing the stimulation frequency would likely alter the probability of release differentially among such synapses of varying synaptic complexity. In the example shown (Fig. 7, A and B) , the synapse with two AZs (Sy1) close together will have a greater probability of release than the simple synapse (Sy2) when the stimulation frequency is increased, whereas the action of 5-HT would likely affect both equally in promoting vesicle priming (Fig. 7, C and D) .
Differences in the responses obtained from EPSPs and fEPSPs may also reflect some subtle differences depending on the location where one obtains the fEPSPs. The results obtained from the fEPSPs indicate that 5-HT had the greatest effect for the 60-Hz trials in enhancing the mean quantal content. In comparison, the responses obtained from the EPSPs demonstrate the 5-HT has the most pronounced effect for the Fig. 7 . Schematic representation of the vesicle pathways within the presynaptic motor nerve terminal. A: in the absence of electrical stimulation (i.e., Inactive) of the nerve terminal, few vesicles will spontaneously be released at a slow rate; thus a slow recycling path (path 1 to 2) will be utilized. B: on electrical stimulation (i.e., Active) the high-output synapse (Sy1), the one with 2 active zones as shown with dark hemispheres sitting on the inner face of the synapse, will be recruited before the low-output synapse (Sy2) with only 1 active zone. Vesicles may be recruited from the reserve vesicle pool (RV, path 1) to the readily releasable vesicle pool (RRV) for docking and fusion with the presynaptic membrane as well during electrical stimulation. The vesicles may then recycle through a slow process and intermediate endosomal (ES) stage (path 2), as well as a different path (path 3) that is relatively rapid in recharging the vesicles with transmitter before the vesicle ends up back at the RRV pool. C: when the nerve terminal is not electrically stimulated but is exposed to 5-HT (i.e., 5-HT and Inactive), at a low concentration (100 nM), there is a priming of the synapses by promoting path 1. The activation of the second messenger inositol 1,4,5-trisphosphate (IP3) can recruit vesicles from RV as well as enhance priming and docking of vesicles at the synapses within the RRV by phosphorylating synaptically relevant proteins. In this case, both the high-output (Sy1) and low-output (Sy2) synapses will be influenced. D: when electrical activity and exposure to 5-HT are combined (i.e., 5-HT and Active) a marked enhancement of transmission will occur that will activate path 1 and path 3 for rapid recycling. 40 -Hz stimulus trains. Because the EPSPs represent an ensemble average of the terminals innervating the entire muscle, they may best represent the effective motor output to regulate behavior of the animal. The focal recordings only sample a very small fraction of the terminal (i.e., one varicosity out of hundreds on a muscle fiber), but they allow a level of resolution of discrete quantal events. Previously, it was shown that there are substantial differences along the length of a given terminal in synaptic structure and responses to evoked stimuli (10, 12, 13) . Thus there may well be differences in the responsiveness to 5-HT or the effects of assessing frequency of stimulation in conjunction with the effects of 5-HT along the length of the nerve terminals. There is recent evidence that microdomains in second messenger signaling cascades are present in neurons, so it is feasible they might even exist along the length of a nerve terminal (21) . To resolve this issue, an extensive study would need to be undertaken to give the degree of variation among preparations and muscle fibers within a preparation (11, 43) .
In summary, we postulate that the plateau in the EPSP amplitudes during the stimulus train is likely a response to steady state of influx, buffering, and efflux of calcium ions. The efflux is probably via the Na ϩ /Ca 2ϩ exchanger. The larger the calcium influx, the greater the driving forces for the Na ϩ /Ca 2ϩ exchanger, although maybe not in a linear fashion. In addition, the steady recycling process of vesicles being used for maintaining release during the long trains of stimulation may be augmented by recruiting vesicles from the reserve vesicle pool (RV, Fig. 7B ). 5-HT enhances the number of vesicles entering into the rapid recycling pool in the absence (Fig. 7C) as well as in the presence of electrical stimulation (Fig. 7D) . However, when more vesicles enter the rapid recycling pool, induced by higher frequency stimulus trains, fewer vesicles are available for recruitment by 5-HT or possible a docking inference might occur. This scenario is schematically represented in Fig. 7 to illustrate these points. Generally, in the absence of electrical stimulation and absence of 5-HT a few spontaneous releases occur resulting in vesicles to recycle via a slow process (path 1 to 2, Fig. 7A ). With electrical stimulation such as with pulse trains we used, a vesicle that was just recaptured from the presynaptic membrane may also recycle through an endosome intermediate to enter and reside in an RV (path 1 to 2, Fig. 7B ). This rather outdated model for the nerve terminal is not likely the process at work here for two reasons: first, the kinetics measured in various studies for dye-filled vesicle recycling does not fit with the duration of time it would require (although low stimulation frequencies show slower recycling rates); second, such endosomal structures are observed in only a few types of presynaptic nerve terminals (3, 17, 18) , and they have yet to be clearly delineated in the motor nerve terminals of crayfish. Thus it is likely that path 3 (Fig.  7B) is utilized during rapid sustained transmission. Possibly some homeostasis is obtained with repetitive high-frequency trains of stimuli because path 3 can speed up and slow down, depending on the rate of fusion at the presynaptic membrane. Thus going from 40-Hz trains to 60-Hz trains results in increased residual calcium, a higher probability of vesicle fusion, and enhanced recycling. In addition, some of the vesicles in the RV pool will be recruited, reducing the RV pool potential for 5-HT to act on. We postulate that the raised plateau in EPSPs on stimulation at 60 Hz occurs because of a new equilibrium in the Na ϩ /Ca 2ϩ exchanger that develops as a response to handling the higher calcium influx. In the case of the 60-Hz stimulation trains, the RV is reduced; thus 5-HT has lower probability of using the RV. In the absence of electrical activity, the action of 5-HT would still favor the direction of the RRV from RV (path 1, Fig. 7C ). Thus even low-output synapses would be primed (Sy2) as well as high-output synapses (Sy1). When synapses are primed by the effects of 5-HT, the electrical stimulated path 3 (Fig. 7D) would be recruited into action to maintain the high recycling. Thus the recycling paths induced by electrical activity and 5-HT may complement each other by acting on distinct steps in the process. For example, 5-HT acting through IP 3 by phosphorylating key proteins to promote both vesicles to be released from synapsins as well as enhanced vesicle docking would be additive to the paths stimulated by electrical activity. The neuromodulation of synaptic function described in this report may well apply to synapses in central nervous systems as well as at other NMJs.
